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Mechanochromic luminescent materials have attracted intense attention because of their excellent
reversible optical behaviour, but the mechanism of the stimuli responsive behaviour remains ambiguous.
Herein, a novel naphthaldehyde-based Schiff base, namely N2 N®-bis(2-(2-hydroxynaphthalen-1-
ylphenyl)pyridine-2,6-dicarboxamide (HNP) exhibiting both aggregation enhanced emission (AIEE) and
excited state intramolecular proton transfer (ESIPT) characteristics has been synthesized. The
mechanism of the reversible mechanochromism was investigated via experimental and theoretical
procedures. Crystalline HNP exhibits a reversible mechanochromism from yellow to orange emission
under external stimulus and back to yellow emission by fuming under a dichloromethane atmosphere.
Single crystal X-ray diffraction analysis indicated that the compound HNP adopts two types of molecular
conformations with different intramolecular torsion angles. Meanwhile, DFT and TD-DFT calculations
demonstrated that the torsion angle change directly affects the electronic distribution, resulting in a
discriminable energy gap. Clearly, the different molecular conformations play a crucial role in triggering
the reversible mechanochromism upon grinding. Additionally, HNP is an excellent fluorescent probe for
detecting Cu(i) ions in solution. Thus, this example not only provides clear evidence to clarify the
mechanism of reversible mechanochromism, but also offers a new on-off chemosensor for Cu(i) ion

rsc.li/frontiers-materials detection.

1. Introduction

Mechanochromic luminescent (MCL) materials are a classical
type of multifunctional material that can change emission
colour reversibly under external stimulus, and these materials
exhibit high efficiency toward diverse applications in sensors,"
information anti-counterfeiting,” memory chips and optoelec-
tronic devices.’ Organic materials with mechanochromic lumi-
nescence properties show unique advantages* such as low cost,
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precise molecular structures with tunable optical properties.
Moreover, molecular components with a twisted conformation
have been utilized for constructing MCL materials, such as
tetraphenylethylene,® cyanostyrene,® carbazole,” etc.

Aggregation-induced emission (AIE), is an abnormal fluores-
cence phenomenon, where a type of molecule is weakly fluor-
escent in solution but exhibits high fluorescence in the
aggregated state.® Organic luminescent materials with the AIE
characteristic have shown great potential in organic light-
emitting diodes,” photodynamic therapy,'® fluorescent probes,""
etc. Excited-state intramolecular proton transfer (ESIPT) is a
classical fluorescence process, where the proton can transfer
from a hydrogen bond donor (e.g. -OH and -NH,) to a hydrogen
bond receptor (e.g. = N- and C=0)"? via a tautomeric transfor-
mation under irradiation, resulting in a large red-shifted emis-
sion. Specifically, the combination of the AIE and ESIPT features
can be used to overcome environmental sensitivity to avoid self-
absorption."?

Schiff base compounds have wide versatility and exhibit good
solubility in common solvents, in addition to being easily func-
tionalized when needed for various applications. Previously, our
group reported that the tetraphenylethylene functionalized
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salicylaldehyde Schiff-base with the aggregation-induced enhanced
emission (AIEE) property is an excellent fluorescent probe for Cu(u)
ion detection™ and we note that a naphthyl-based Schiff base zinc
complex has been used for cellular uptake studies.'®> Moreover, the
coordination mode of a salicylaldehyde Schiff-base fluorescent
probe toward Cu(un) was evaluated by single crystal X-ray
diffraction.'® In recent years, many Schiff base MCL compounds
have been reported'” and proved to be excellent fluorescence
carriers with high-contrast reversible mechanochromic lumines-
cence properties.'® Generally, photoluminescence spectra, scan/
transmission electron microscopy, and powder X-ray-diffraction
are the typical techniques employed for understanding the
mechanochromic mechanism. However, understanding the intrin-
sic mechanism of MCL behaviour remains an enormous
challenge.

In this work, a Schiff base compound HNP was synthesized
via a facile one-step synthetic method, which exhibits typical
AIEE plus ESIPT characteristics. Due to the presence of the
flexible Schiff base skeleton, the AIEE-active molecule HNP
adopts a twisted molecular conformation via several strong
intra/inter-molecular interactions, which leads to different
emissions in the crystalline state. More interestingly, this
crystal displays high-contrast reversible mechanochromic lumi-
nescence properties via orange and yellow emission, and this
result is ascribed to the different molecular conformations in
the crystal packing. The relationship between the molecular
packing and the emission properties is discussed to understand
in greater depth the reversible mechanochromic mechanism,
via single crystal X-ray diffraction, SEM, and photoluminescence
spectroscopy, as well as theoretical calculations. Moreover,
Schiff base HNP can act as a ‘turn-off’ fluorescence sensor for
potential applications in Cu®* detection.

2. Results and discussion

2.1 Synthesis

The synthetic route to Schiff base N*N°bis(2-(2-hydroxynaphtha-
len-1-yl)phenyl)pyridine-2,6-dicarboxamide (HNP) is presented in
Scheme 1. The intermediate N,N’-(2-aminophenyl)-2,6-dicarbo-
xylimide pyridine (1) was synthesized according to a previous
report."* Treatment of 1 with 2-hydroxy-1-naphthaldehyde dissolved
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Scheme 1 Synthesis of compound HNP.
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in methanol afforded the target red compound HNP in 78% yield.
Interestingly, a yellow powder was obtained when more than
0.3 equivalents of H,SO, catalyst was added to the reaction, which
shows the same characterization data for the "H/**C NMR spectro-
scopy (Fig. S1 and S2, ESIt) and high-resolution mass spectrometry
(HRMS) (Fig. S3, ESIt) as compound HNP.

2.2 Photophysical properties

The UV-vis absorption spectra and photoluminescence (PL)
spectra of compound HNP were measured in seven solutions
(CH,;0H, EtOH, CHCl,, THF, DCM, DMSO and DMF) and are
shown in Fig. S4 (ESIt). The absorption band at A = 319 nm
represents the electronic transition of the Schiff base unit,"
and the absorption peak at 2 = 396 nm is tentatively assigned to
the electron-electron transition from the Schiff base to the
amide-pyridine ring, which is greatly affected by the polarity of
the solvent.’® Meanwhile, the wide absorption wavelength
range from 419 nm to 475 nm is due to the formation of
intramolecular hydrogen bonds.”" In addition, the compound
HNP exhibits weak fluorescence in all solvents, but the fluores-
cence intensity is stronger in weak polarity solvents (such as
CHCl;, THF and DCM) than in strong polarity solvents
(CH3;0H, EtOH, DMF and DMSO). Moreover, the compound
exhibits a red-shifted emission in the protic solvents methanol
and ethanol as compared to DMSO, and this may be ascribed to
the presence of the —OH group which can stabilize the enol
conformation and lead to the adoption of a twisted intra-
molecular charge transfer (TICT) process.>”

2.3 Aggregation-induced emission properties

To understand the effect of water on the emission process, the
UV-vis spectra and photoluminescence (PL) spectra character-
istics were studied in a mixture of THF/H,O with different water
fractions (fy). As shown in Fig. S5, (ESIf) the peak at 419-
475 nm gradually decreases, which may be attributed to the
blocking of the ESIPT by the intermolecular H-bonding
between the HNP and H,0.%* On the other hand, as shown in
Fig. 1, a dual emission in THF was observed under excitation
(Zex = 350 nm), the short-wavelength emission originating from
enol emission and the latter from keto emission.?? Moreover,
the shorter-wavelength emission decreased gradually with the
increase of water content, and eventually disappeared when the
water fraction (f,,) increased to more than 80%. This is attrib-
uted to molecular aggregation, resulting in strengthened intra-
molecular H-bonding, which is a key factor for an efficient
ESIPT process.'” Furthermore, HNP emits weak orange emis-
sion with a maximum emission peak at 588 nm, as the water
fraction (f,,) increased from 0% and 70%, and the emission
intensity gradually decreased with the increase of water con-
tent. This is consistent with the UV-vis spectra, which show that
the fluorescence intensity is reduced. As the water fraction (f;,)
increased from 70% to 95%, the emission intensity was
enhanced ca. 3.5-fold, indicating that HNP exhibits a clear
aggregation-induced enhanced emission (AIEE). To further
investigate the aggregation-induced emission (AIE) properties
of HNP, the emission spectra were recorded with a different
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Fig.1 (A) Fluorescence spectra of the fluorescent probe (2.00 x
107> mol L™} at different water contents (fex = 350 nm) in THF. (B) The
effect of water volume fraction on the fluorescence probe at 588 nm. (C)
Photographs of the fluorescent probes in THF solution containing different
water components under natural light. (D) Photographs of the fluorescent
probes in THF solution containing different water components under
365 nm UV light.

excitation (Zex = 440 nm) and higher concentration (5.00 X
10> mol L") in THF solution using different THF/water
mixtures. The results revealed almost the same trend, where
the overall fluorescence intensity was enhanced (Fig. S6, ESIT).
Moreover, the stability of the probe HNP at various pH values
was examined in the THF/water (Vrup/Viater = 1/9, Tris-HCI
buffer) system (Fig. S7, ESIf). With the changing pH, the
absorbance of HNP gradually decreases as the pH value
increases from 1.00 to 3.00, while the absorbance exhibits a
slight change over the pH range from 5.00 to 12.00. On the
other hand, the fluorescence intensity remains unchanged in
the pH range from 1.00 to 12.00. This result indicated that the
Schiff-based compound HNP was stable at various pH values
from 2.00 to 12.00.

2.4 Mechanochromism properties

As we know, most AIE luminogens exhibit excellent reversible
mechanochromism properties under external stimulation.
Considering the flexibility of the molecular structure of HNP,
the reversible mechanochromism behaviour was studied. The
yellow compound HNP displays a bright orange emission with a
maximum emission peak at Aep, = 540 nm, (®r= 5.44%). Once
the yellow compound HNP was ground, the powder emitted a
large, red-shifted emission with Ayaxem = 662 nm (@5 = 1.55%),
and the fluorescence lifetime () changed from 5.35 ns (HNP-y)
to 1.81 ns. Moreover, the red emission powder could recover the
yellow emission under a CH,Cl, atmosphere, indicating that
HNP displays reversible mechanical stimuli-responsive proper-
ties. Furthermore, the samples of HNP before and after grind-
ing were evaluated by powder X-ray diffraction. As shown in
Fig. 2, the crystal sample HNP-y exhibits sharp intensity peaks,
indicative of a good microcrystalline structure, while powdered
HNP-r displays weak and broad diffraction peaks, and the
peaks at 26 = 12° and 16° almost disappeared after grinding,
indicating that the molecular arrangement displays a large
change with a red-shifted emission. Moreover, the diffraction
peak of HNP-r can return back to a sharp peak via CH,Cl,
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Fig. 2 (a) Fluorescence spectra of powdered HNP-y (orange line) and
powdered HNP-r (red line). (b) PXRD patterns of crystals of HNP-y and
HNP-r and when ground and after fuming with CH,Cl,. SEM image of HNP
powder under different fluorescent emissions (c) yellow and (d) red.

fuming, and the emission colour changes from red to orange,
and this process agrees with their optical behaviour. Addition-
ally, the morphology of the samples HNP-y and HNP-r was also
investigated by scanning electron microscopy (SEM). As shown
in Fig. 2c, crystalline HNP-y exhibits a block 3D aggregate
structure, while powdered HNP-r shows a 2D fibrous-like
structure along the same direction (Fig. 2d), indicating that
HNP show different morphology before and after grinding,
which was further characterized by the UV-Vis absorption
spectra and is illustrated in Fig. S8 (ESI{). After fuming with
CH,Cl,, the UV-vis absorption of the samples is almost over-
lapped with the crystalline HNP-y.

2.5 Single crystal structure analysis

Single crystal X-ray diffraction is an efficient tool to visualize the
molecular conformation and for understanding the relation-
ship between the molecular packing and the optical behaviour.
Thus, we attempted to cultivate crystals of HNP by slow solvent
evaporation at room temperature. Firstly, pure HNP (20 mg)
was dissolved in a chloroform/ethanol mixture to obtain block
red crystals (HNP-r); yield 12 mg. Then, the mother liquor was
collected to afford yellow needle crystals (HNP-y) (yield 6 mg).
Both molecular structures of the crystals HNP-y and HNP-r were
confirmed by single crystal X-ray diffraction analysis, and the
key crystal data are summarized in Table S1 (ESIt). The HNP-y
crystal belongs to the triclinic crystal system with the space
group P1, and the asymmetric unit cell of HNP-y contains two
molecules. Meanwhile, the crystal HNP-r crystallises in the
higher symmetrical monoclinic system with the C2/c space
group, and each asymmetric unit contains four molecules.
The ORTEP diagrams of HNP-y and HNP-r are shown in
Fig. S9 (ESIY).

As shown in Fig. 3, the two terminal naphthyl rings
in the crystal HNP-y adopt an intersecting type conformation,
whereas the situation observed in HMP-r is almost coplanar.
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Fig. 3 (a) Photographs of HNP-y. (b) Hydrogen bonding in HNP-y.
(c) Dihedral angle of the HNP-y crystal. (d) Photographs of HNP-r.
(e) Hydrogen bonding in HNP-r. (f) Dihedral angle of the HNP-r crystal.

The difference is that one side of the planar group is almost
perpendicular to another side plane with a dihedral angle of
84.78° in crystal HNP-y. Two pairs of intramolecular hydrogen
bond interactions (O2-H2B---N3 and O4-H4B.--N5) are
formed between the hydroxyl and imino groups at distances
of 1.776 A and 1.794 A, respectively, which are shorter than our
previous reported tetraphenylethylene functionalised salicylal-
dehyde Schiff-base (1.882 A and 1.858 A),"* and other intra-
molecular hydrogen bonds (N-H- - -O and N-H- - -0), e.g. 2.051 A
and 2.086 A, respectively,’® which indicated that the intra-
molecular hydrogen bond is stronger here. For crystal HNP-r,
the two planar groups are almost parallel, and the dihedral
angle is 4.86°, and the the distance between the centres of the
terminal naphthyl rings is in the range 4.488-4.894 A, suggest-
ing that HNP-r prefers to form n-n stacking. Also, intra-
molecular hydrogen bonding (O-H--:N) is observed at a
distance of 1.822 A. The intramolecular hydrogen bonds (N2-
H2A. --02') are both 2.498 A long.

In the packing of the structure, the HNP-y molecules are
connected by intermolecular n-n interactions and multiple
C-H- - -O hydrogen bonds between adjacent molecules. Further-
more, intermolecular 7- - - interactions are observed between
two naphthyl rings and two adjacent molecules at a distance of
3.35 A and 3.36 A. Multiple intermolecular bonds C-H---O
interactions were formed between the carbonyl oxygen atoms
with the phenyl ring or the naphthyl ring of the adjacent
molecules. These intermolecular forces enable the HNP-y
molecules to adopt a parallel arrangement forming columns
overlapping along the a-axis (Fig. 4a), and the adjacent mole-
cules in the adjacent columns overlap with each other with
anti-parallel n-overlap (Fig. 4b).

On the other hand, for the HNP-r crystals, the adjacent
molecules are connected by - - -1 stacking between the phenyl
and pyridine rings (~ 3.38 A), thereby forming a three-
dimensional structure (Fig. 4c). Each of the adjacent molecules
are arranged in an anti-parallel direction along the c-axis
(Fig. 4d). Infinite stacking was also observed in each column,
but compared with HNP-y crystals, intermolecular overlap was
smaller and the arrangement was less orderly.
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Fig. 4 (a) Molecular packing structures, intermolecular interactions in the
ordered structure of the HNP-y crystal. (b) Two adjacent dimers and
intermolecular interactions of the HNP-y crystal. (c) Molecular packing
structures, intermolecular interactions in the ordered structure of the
HNP-r crystal. (d) Two adjacent dimers and intermolecular interactions
of the HNP-r crystal. The blue dotted lines indicate intermolecular
interactions.

Moreover, the simulated X-ray diffraction (XRD) patterns of
HNP-y and HNP-r crystals totally coincided with that of HNP-y
and HNP-r crystalline powders, respectively, suggesting the
same molecular packing modes in them. However, compared
to the powder X-ray diffraction data, the HNP-y crystals and
HNP-r crystals show different diffraction peaks, indicated that
both crystals HNP-y and HNP-r arrange in different stacking
modes (Fig. S10, ESIt). Indeed, the crystals HNP-y and HNP-r
emit a yellow and red emission with maximum emission peak
at 540 nm and 662 nm, respectively. This result is also con-
sistent with the mechanochromism behaviour.

2.6 Theoretical calculations

In order to explore the electronic structures of the HNP-y and
HNP-r molecules, density functional theory (DFT) and time-
dependent DFT (TD-DFT) calculations were performed using
the B3LYP/6-31G(d) basis set. As shown in Fig. 5, the HOMO
and LUMO levels of HNP-y are almost spread over the whole
molecular framework, while the HOMO level of HNP-r is mainly
localized on the phenyl and naphthyl parts, while the LUMO
level is distributed on the naphthyl fragments. Moreover, the
energy gap (E,) of HNP-r (3.59 eV) is higher than HNP-r
(3.44 eV). TD-DFT calculations indicating that the main absorp-
tion for HNP-r is assigned to the S;-S, transition from HOMO
to LUMO, in which the HOMO — LUMO contribution in HNP-r
is 91.1%, and the HOMO — LUMO contribution in HNP-y is
only 60.0%.>* Thus, the molecular conformation has a signifi-
cant influence on the excited state properties and on the
oscillator strength (f) of the S;-S, transition.”” Based on the
results of the calculations and the molecular structure,
the dihedral angle of the two naphthyl groups decreases, and
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Fig. 5 The frontier orbitals and theoretically calculated vertical excitation
energies, transition natures of the excited states and oscillator strengths
for HNP-y and HNP-r.

the f value reduces from 0.1499 to 0.1273, suggesting that a
decreased twist of the dihedral angle results in a red-shifted
emission with weaker emission. Therefore, it would be a useful
strategy to change the ability of the electron donor or electron
acceptor to regulate the charge transfer efficiency in order to
achieve a high fluorescence yield in this type of luminescence
material.

2.7 Fluorogenic Cu®* sensing

In order to evaluate the sensing properties of HNP, its sensing
properties in THF with several metal cations (solutions of Hg",
Cr’" and Mg”* and Zn>" were prepared from their chloride salts;
solutions of Cu®*, Cd**, Pb**, Ca®>", Co**, Ba®", Ag", Ni*", Li", K,
Na®, AI>*, Zn** and Fe** were prepared from their nitrate salts)
were investigated by UV-vis absorption and fluorescence mea-
surements (Fig. 6). The absorption spectra of HNP showed that
the absorption peak at 396 nm remained unchanged upon
addition of several kinds of metal ions except in the case of
Cu** and Co?". Upon addition of Cu®", the absorbance located
at 396 nm was red shifted to 443 nm. Except for Co**, other
metal ions had little effect on the absorption. The fluorescence
emission at 588 nm upon excitation by 440 nm was quenched
upon addition of Cu®', while other metal cations had little
effect on the fluorescence intensity of the probe. Moreover,
competition experiments were conducted, and as shown in
Fig. S11 (ESIf), other metal ions did not interfere with the
recognition of HNP toward Cu®", with the exception of Co>*
which had a slight effect on the probe detection of Cu®,
indicating that the probe had strong anti-interference
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Fig. 6 (A) UV-vis absorption spectra and (B) fluorescence spectra of
fluorescent probes (5.00 x 107> mol L) interacting with different metal
ions (1.00 x 10~* mol L™Y in THF solution (/ex = 440 nm); (C) photographs
of the probes interacting with metal ions under natural light; (D) photo-
graphs of the probes interacting with metal ions under 365 nm UV
illumination.

properties. The results of UV-Vis absorption spectra and
fluorescence spectra show that the probe has high specificity
toward copper ions. Moreover, fluorescence titration experi-
ments of Cu®>* were carried out in THF. As shown in Fig. 512
(ESIf), the absorbance of the probe at 396 nm gradually
decreased with the increase of Cu®>" concentration; meanwhile,
a new absorbance at 443 nm gradually increased. Moreover, the
fluorescence intensity of the probe decreased gradually at
588 nm, and the fluorescence quenching rate reached 95.35%
when two equivalents of Cu”* were added. Additionally, the
combination ratio between them was further determined by the
equal mole continuous transformation method (Job’s plot). As
shown in Fig. S13 (ESIY), through the fluorescence spectrum, it can
be seen that probe/probe + Cu®* has an inflection point at 0.33,
indicating that the mixing ratio between probe and Cu>" is 1:2.

Furthermore, the detection limit of probe HNP for Cu®>" was
calculated to be 1.8 x 1077 mol L™" from the fluorescence
titration experiments following the TUPAC method (Fig. S14,
ESI).>> On the basis of the 2:1 stoichiometry, the association
constant between HNP and Cu®* was estimated to be 5.70 x
10® mol L ™" by using the Benesi-Hildebrand equation (Fig. 515,
ESIt).%¢

The crystal structure is important for us to understand the
coordination mode and molecular packing. Fortunately, single
crystals of complex HNP-Cu were obtained by slow evaporation
from solutions in ethanol at room temperature. The crystal data
are summarized in Table S1 (ESIt). The complex HNP-Cu
crystallizes in the orthorhombic system and each unit cell
contains two complex molecules. Moreover, as shown in
Fig. S16a (ESIt), one HNP molecule coordinates with two
Cu”" ions, which is consistent with the titration experiments.
Each Cu atom is four-coordinate with four atoms (oxygen and
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nitrogen atoms), which results in removal of the hydrogen ions
of the hydroxyl groups and thus the process of ESIPT was
intercepted, so that it shows fluorescence quenching. The two
planes of the terminal aromatic rings of HNP are parallel;
therefore, a 1D chain was formed by countless helices
in the same direction via intermolecular =---m interactions
(d ~ 3.30 A) and intramolecular hydrogen bond interactions
(Fig. s16b, ESIf). HNP is a highly selective and sensitive
chemosensor for Cu*" ions.

3. Conclusions

In summary, we report here a naphthaldehyde based Schiff
base material with both excited state intramolecular proton
transfer and AIEgen fluorescence emission which can undergo
a polymorphic switch on changing the solvent. Crystals of both
HNP-y and HNP-r, with different emission colours were
obtained by slow evaporation in chloroform/ethanol mixtures.
Single crystal X-ray diffraction data and DFT calculations show
that the HNP-r molecule is formed in a more compact stacking
mode due to the smaller dihedral angle of the terminal aro-
matic ring planes and stronger intermolecular interactions,
resulting in a red-shifted emission and weaker fluorescence
emission. The multiple stimuli-responsive behaviour of HNP
results in mechanochromic luminescence and its ability to act
as a sensitive chemosensor for the Cu** ion. Our work provides
a strategy for further understanding the relationship between
the molecular structure and the emission mechanism at the
molecular level and for the design of multi-stimuli responsive
materials and can contribute to the understanding and the
future design of new mechanochromic luminescent materials.
It will stimulate a new approach for the realization of mechan-
ochromic luminescent materials and provide a new under-
standing of the nature of mechanochromic behaviour.
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